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O R I G I N A L A R T I C L E
efractive error is one of the most common causes of correctable visual impairment in the United States, with a prevalence of up to 72% based on National Health and Nutrition Examination Study data. [1] [2] [3] LASIK remains the most prevalent surgical treatment for refractive error and specifically myopia. 4 Conventional LASIK refractive surgery achieves success in correcting lower-order spherocylindrical refractive error, 5 but studies have reported that the incidence of postoperative visual complaints ranges from 3% to 40% and includes symptoms such as impaired night vision and visual distortions (starbursts, halos, and glare), which are thought to result from increased higher-order aberrations of refractive error. [6] [7] [8] It has been postulated that these higher-order aberrations result from anisotropic ablation of the cornea with conventional LASIK. 9, 10 Although excimer laser pulses delivered centrally are orthogonal to the cornea, pulses delivered to the periphery of the cornea have an oblique angle of incidence, causing the cornea within the zone of ablation to become more oblate. 10, 11 Wavefront aberrometry-based treatments have been shown to decrease induced higher-order aberrations by modifying the ablation algorithm. [12] [13] [14] [15] There are two broad strategies for adjustment of the ablation based on preoperative aberrometry measurements: wavefront-optimized (WFO) and wavefrontguided (WFG). WFO algorithms adjust the ablation profile based on a population nomogram, 16 whereas WFG algorithms generate a custom ablation pattern based on preoperative aberrometry measurements. 17, 18 Vector Analysis Outcomes/Toy et al Multiple studies have compared WFO to WFG treatments. [19] [20] [21] [22] There have been conflicting results, with some studies suggesting that WFG-LASIK produces better postoperative outcomes 21, 22 and other studies finding no significant difference between the two techniques. 19, 20 Most of these studies have examined measured higher-order aberrations and their correlation with qualitative measures of visual function in reaching their conclusions.
Few studies have examined quantitative astigmatic outcomes in comparing WFG-LASIK and WFO-LASIK, and when reported in these prior studies, 19, 20, [22] [23] [24] the quantitative comparison of astigmatic change may have been inaccurate without accounting for the polar nature of astigmatism, which includes both magnitude and directional components.
The Alpins method of astigmatism analysis employs vector components to more comprehensively assess astigmatic surgical outcomes. Recently, the Journal of Refractive Surgery and Ophthalmology have adopted the Alpins method as part of standard refractive analysis. 25, 26 Furthermore, the standard vector variables (target induced astigmatism, surgically induced astigmatism, and difference vector) can be used to calculate normalized indices of refractive surgery success. [27] [28] [29] In this prospective, randomized, fellow eye study, we compared the astigmatic outcomes using Alpins analysis for WFG and WFO modes of a single commercial laser platform in myopic eyes treated with LASIK. We have previously reported the comparison of spherical refractive error, quality of life, and higher-order aberration differences between these two groups. 24 
PATIENTS AND METHODS
This was a prospective, randomized, fellow eyecontrolled clinical trial comparing WFO-LASIK and WFG-LASIK using a single excimer laser platform (WaveLight Allegretto Eye-Q 400Hz; Alcon Laboratories, Inc., Hünberg, Switzerland) in 68 eyes of 34 patients. One eye of each patient was randomized to receive WFO-LASIK and the fellow eye underwent WFG-LASIK.
Inclusion and exclusion criteria were as previously described. 24 The study was approved by the Stanford University Hospital institutional review board, adhered to the tenets of the Declaration of Helsinki, was HIPAA-compliant, and was registered on www.clinicaltrials.gov (Identifier: NCT01135719).
Participants underwent a standard comprehensive preoperative evaluation, including wavefront aberrometry using the WaveLight Allegro Analyzer (Alcon Laboratories, Inc.). All surgeries were performed at the Stanford University Eye Laser Center by a single surgeon (EEM), using the WaveLight Allegretto Eye-Q 400-Hz excimer laser as previously described. 24 Patients were evaluated at postoperative day 1, week 1, and months 1, 2, 6, and 12. Data from the preoperative and postoperative 12-month visits were included for astigmatism analysis by the Alpins method.
Figure A (available in the online version of this article) illustrates a double angle vector diagram, which displays the measured refraction vectors and the calculated surgical vectors on a single polar plot. As in the original Alpins study, 28 from which Figure A1 is adapted, the refraction vectors include: (vector 1) preoperative astigmatism, (vector 2) target astigmatism, and (vector 3) postoperative astigmatism. From these refraction vectors, one can calculate the pertinent surgical vectors: target induced astigmatism (vector 1 to vector 2), surgically induced astigmatism (vector 1 to vector 3), and the difference vector (vector 3 to vector 2). Figure A2 illustrates that targeting emmetropia represents a special case of Alpins analysis, as target astigmatism (vector 2) = 0. Figure A3 demonstrates the calculated surgical vectors in this special case, as well as the angle of error and the magnitude of error.
Given this study's sample size of 34 pairs of eyes, it had sufficient power (80% power) to detect differences of medium effect size (Cohen's d = 0.26) using a twosided α = 0.05 test. Two-tailed, paired t tests were used to compare Alpins measures of astigmatism between the two laser groups. Subgroup analyses by magnitude of preoperative astigmatism (none, 0.25-0.5 diopter [D], > 0.5 D) were conducted using two-tailed, unpaired t tests to make use of data from patients with dissimilar astigmatism between their fellow eyes. Analyses were implemented using custom code written in Stata 12 (Stata Corp., College Station, TX), and data were exported to Matlab R2013a (Mathworks, Natick, MA), again using custom code to generate polar graphs.
RESULTS
Demographic and standard refractive measures have previously been reported for this cohort.
24 Table 1 summarizes the refraction, surgical, and Alpins astigmatism measures for the WFG and WFO groups. There were no significant differences between any measure, except for the angle of error, which was 1.92° ± 0.67° in the WFG group compared to 9.66° ± 3.7° in the WFO group. This was statistically significant (P = .04, paired t test). Figure 1 illustrates polar diagrams of the (1A) target induced astigmatism, (1B) surgically induced astigmatism, and (1C) difference vector using the same axes. The red data points represent eyes treated with WFG-LASIK and the blue points represent eyes treated with WFO-LASIK. The orange and blue arrows illustrate Vector Analysis Outcomes/Toy et al the vector means of the WFG and WFO groups, respectively. The target induced astigmatism vector means for the WFG and WFO groups were 0.63 ± 0.08 and 0.69 ± 0.12 D, respectively, which were not significantly different (P = .68, paired t test). Figure 1B illustrates the surgically induced astigmatism, or the actual astigmatic change induced by surgery. The surgically induced astigmatism vector means for the WFG and WFO groups were 0.71 ± 0.09 and 0.72 ± 0.13 D, respectively, and these were not significantly different (P = .95, paired t test). Figure 1C illustrates the difference vector between the surgically induced and target induced astigmatism, or the vector of further correction that would result in emmetropia. Most corrections with either laser platform had a difference vector magnitude of less than 1 D. The difference vector means for the WFG and WFO groups were 0.13 ± 0.04 and 0.15 ± 0.03 D, respectively, and these were not significantly different (P = .6, paired t test). Figure 2 demonstrates that, for most corrections, the surgically induced astigmatism and target induced astigmatism were within 0.5 D. This relationship can also be plotted on a polar graph showing the ratio of surgically induced astigmatism/target induced Vector Analysis Outcomes/Toy et al astigmatism at the angle of the targeted astigmatic change, as in Figure 3A , which illustrates the astigmatism correction index. This averaged 1.13 ± 0.06 and 1.01 ± 0.06 D for the WFG and WFO groups, respectively, and these were not significantly different (P = 0.16, paired t test). Correcting for the portion of the surgically induced astigmatism that is acting in the axis of the target induced astigmatism determines the flattening index, illustrated in Figure 3B . The flattening index averaged 1.12 ± 0.06 and 0.91 ± 0.06 D for the WFG and WFO groups, respectively, and this trended toward statistical significance (P = .07, paired t test).
The discrepancy between the correction index and the flattening index in the WFO group indicated potential off-axis corrections. Figure 3C plots the ratio between difference vector and target induced astigmatism at the axis of the target induced astigmatism, or index of success, which averaged 0.21 ± 0.08 and 0.40 ± 0.12 D for the WFG and WFO groups, respectively, and these were not significantly different (P = .19, paired t test). Figure 4 illustrates the distribution of the angle of error between the two groups. There were smaller and less variable angles of error in the WFG group (1.92° ± 0.67°) relative to the WFO group (9.66° ± 3.7°), and this was statistically significant (P = .04, paired t test).
Table A (available in the online version of this article) reports results of subgroup analyses divided by magnitude of preoperative astigmatism. There were no significant differences in any Alpins vector analysis measures. Table A also reports on the 4 eyes in the WFG group and 6 eyes in the WFO group that developed de novo astigmatism postoperatively. The average preoperative spherical equivalent of eyes that developed de novo astigmatism in the WFO group (-4.62 ± 0.67 D) was greater in magnitude than in the WFG group (-2.19 ± 0.56 D), and this difference was statistically significant (P = .03, unpaired t test). DISCUSSION WFG and WFO have been studied with regard to higher-order aberrations and lower-order spherocylindrical error; however, cylindrical (astigmatism) analysis has often been conducted incompletely, without accounting for both the magnitude and direction components of astigmatism. 19, 20, [22] [23] [24] The current study reported rigorous astigmatism results using the Alpins vector analysis method at 1 year after LASIK surgery.
These findings support the conclusion from our previous study, 24 which reported that both WFG and WFO modes on the Alcon WaveLight Allegretto excimer laser platform are effective, predictable, and safe Vector Analysis Outcomes/Toy et al LASIK technologies for the treatment of myopia. With regard to Alpins vector analysis of astigmatic outcomes in this study, there was a statistically significant difference between WFG and WFO for only one parameter at postoperative month 12. The angle of error was 80% less in the WFG group compared to the WFO group. Because both modes of ablation employed pupil tracking without cyclorotational tracking, this difference could not be attributed to differences in eye tracking during the procedure. This finding suggests that WFG-LASIK may be superior to WFO-LASIK with regard to predictability of astigmatic outcomes, perhaps because a more customized ablation corrects for individual variations in patients' corneas, potentially yielding a more predictable ablative outcome.
Previous studies have advised caution with full astigmatic correction employing WFO-LASIK in eyes with preoperative cylinder 0.5 D or less. 30, 31 Although dividing our data into subgroups demonstrated a trend toward increased angle of error in the eyes with low preoperative astigmatism, this did not reach statistical significance. We also found that both WFO-LASIK and WFG-LASIK did induce de novo astigmatism in several patients. The amplitude of de novo astigmatism was larger in the WFO group; however, these eyes also had a greater preoperative spherical equivalent to correct. Our data corroborate findings by others that the predictability of cylindrical refractive correction with wavefront LASIK appears to be somewhat variable, although improved compared to conventional LASIK. 32 One advantage of analyzing astigmatic data employing the Alpins method is that it allows for the determination of systematic error in astigmatic corrections. For instance, the arithmetic mean of the angles of error in the current study demonstrated a clockwise overcorrection in both the WFO (-7.20° ± 3.86°) and WFG (-0.58° ± 0.75°) groups. With this knowledge, the surgeon could make appropriate adjustments for future ablations.
Our previous study reported that the WFG mode was superior to the WFO mode in a statistically significant manner with regard to better postoperative uncorrected distance visual acuity and a higher proportion of eyes within 0.25 D of emmetropia. 24 Analyses of the higher-order aberrations between the two groups did not definitively explain these findings.
The current results indicated a statistically significant difference in angle of error between the WFG and WFO groups, but univariate linear regression did not support angle of error as being correlated with uncorrected distance visual acuity measured 12 months postoperatively.
Univariate linear regression on postoperative month 12 visual acuity also was not significant for manifest cylinder, vector components of astigmatism, or manifest spherical equivalent. Potential shortcomings of this study include its relatively small sample size and reliance on the fellow eye to control for wound healing and corneal biomechanical variability.
Using quantitative Alpins vector analysis of astigmatism, our study demonstrated that WFG-LASIK and WFO-LASIK modes of the Alcon WaveLight Allegretto Eye-Q 400-Hz excimer laser platform can provide similar astigmatic outcomes. The WFG mode yielded greater predictability with regard to decreased angle of error. Angle of error (absolute value mean ± SEM, degrees) 4.5 ± 4.5 24 ± 12 .25
AUTHOR CONTRIBUTIONS

Study concept and design (EEM); data collection (EEM); analysis and interpretation of data (BCT, CY, EEM); writing the manuscript (BCT, CY, EEM); critical revision of the manuscript (BCT, EEM); statistical expertise (BCT)
Angle of error (arithmetic mean ± SEM, degrees) -4. 
